The results of dark matter searches with the MACRO experiment are reported. In particular indirect searches for WIMP's and direct searches for supermassive GUT magnetic monopoles are reported together with massive neutrino studies through the measurement of the oscillation induced anomalies in the atmospheric neutrino flux.
Introduction
MACRO was a large multipurpose underground detector located in the Hall B of the Laboratori Nazionali del Gran Sasso. The detector, which took data until December 2000, was arranged in a modular structure of six "supermodules" with global dimensions of 76.5 × 12 × 9.3 m 3 and a total acceptance of ∼ 10, 000 m 2 sr to an isotropic flux of particles. It was made by several layers of liquid scintillation counters, limited streamer tubes and nuclear track detectors (CR39 and Lexan) which provided excellent timing (σ t ∼ 500ps), tracking (σ θ ∼ 0.5
• ), and energy loss measurements. For a complete technical description of the detector see [ 1 ].
GUT Monopole searches
In the framework of Grand Unified Theories (GUT), magnetic monopoles would have been produced in the very early Universe as supermassive (M ∼ 10 17 GeV/c 2 ) topological defects [ 2 ] . One of the primary aims of the MACRO experiment was the search for such particles with a sensitivity well below the Parker bound (i.e. 10 −15 cm
) in a very wide velocity range 4 · 10 −5 < β < 1 (β = v/c). Different hardware systems were designed and operated to give optimum sensitivity in different β ranges. Moreover several analysis strategies were adopted depending on the used subdetector(s). This approach ensured redundancy of information, efficient background rejection and independent signatures for possible monopole candidates.
The analyses were based on the various subdetectors in a stand-alone and/or in a combined way. Final results are reported in [ 4 ] where all the details are given. Since no candidates were detected, the results are given in as 90% C.L. upper limits to the monopole flux (see Fig.1 ). In order to compare the MACRO results to those of other experiments or to theoretical models, we present upper limits for an isotropic flux of bare MMs with magnetic charge equal to one Dirac charge g = g D = e/2α, (where e is the electron charge and α the fine structure constant) and nucleon decay catalysis cross section smaller than 1 mb [ 2 ] . A dedicate analysis for the search for magnetic monopoles accompanied by one or more nucleon decays along their path was also performed, resulting in very strong upper limits 
Atmospheric neutrino oscillations
The study of the atmospheric neutrino oscillation was a primary goal of the MACRO experiment. The streamer tubes and the scintillator counters allowed to distinguish neutrino events on the basis of time-of-flight (T oF ) measurement and/or topological criteria. In particular four different types of neutrino events have been detected in MACRO. (see Fig. 2 ), corresponding to different topologies. In the last two, i.e. (3) and (4), the muons cross just one scintillator plane and then a T oF measurement can not be done. Since it is impossible to distinguish between them, they are studied together as the sample (3)+(4).
The parent neutrino energy spectra are of course different for different event types. In particular the sample (1) is due to neutrinos with an average energy of ∼ 50 GeV, while other subsamples have lower energies (< E µ >≃ 4 GeV). Moreover the spectrum and the median energy of (2) and (3)+(4) are almost the same. Information on neutrino masses and oscillations have been obtained from the study of the angular distribution of the events of sample (1) and independent cross checks have been obtained from the other samples and from the measured event rates [ 9, 10 ]. For the events in sample (1), both the shape of the angular distribution and the absolute rate have been independently tested with the hypothesis of neutrino oscillation. The largest probability is obtained in the ν µ → ν τ oscillation scenario with maximal mixing and ∆m 2 ≃ 2.5 · 10 −3 eV 2 , while the ν µ → ν sterile [ 11 ] and the no-oscillation hypothesis are strongly disfavoured. These conclusions are also confirmed by the analysis of the angular distribution and absolute event rates of the low energy samples (i.e. (2) and (3)+(4) ) [ 12 ] . Moreover the different energy spectra of variuos event categories and the setting up of a method for the muon energy estimate [ 13 ] provided another independent tool for the study of atmospheric neutrino oscillations. In particular the behaviour of the oscillation probability as a function of L/E (i.e. the ratio of the neutrino pathlength to its energy) has been obtained and shown to be compatible with the oscillation scenario suggested by the analyses of the angular distributions and absolute event rates [ 12 ] . The results of all these analyses are shown in Fig.3 where the allowed regions in the ∆m 2 − sin 2 (2θ) plane are shown for ν µ → ν τ oscillation. A global analysis to combine all this information is in progress. 14 ] with 90%C.L.) in the ∆m 2 − sin 2 (2θ) plane for νµ → ντ oscillation. The continuos line is the result of the analysis of the angular distribution and absolute event rate for the sample (1), while the dotted line refer to the analysis of the same data by using the muon energy estimate. The last line is the same as the continuous one but refers to samples (2) and (3)+(4) .
Indirect search for WIMPs
An indirect search for WIMPs has been performed by looking at neutrinoinduced upward-going muons resulting from their annihilation in the Sun and/or the Earth [ 16, 17 ]. Muon flux limits have been obtained by comparing the measured values with the estimates given by detailed simulations taking into account the variuos background sources (i.e. the atmospheric neutrino flux, the backscattered soft pions produced by downward-going cosmic ray muons , etc.) and neutrino oscillation effects. This has been done for several search cones around the source (see Fig.4 ). A given search cone is ultimately related to the WIMP mass through a specific theoretical model.
The obtained limits can constrain the neutralino particle parameters suggested by SUSY models [ 18, 19 ]. 
Conclusions
The MACRO results for dark matter searches have been reported.
Several searches for supermassive GUT monopoles have been performed by fully exploiting the redundancy and complementarity offered by the de-tector together with the very large acceptance and the long time exposure. No candidates have been found thus putting an upper limit wich is well below both the Parker and closure bounds in a very wide velocity range. This excludes these particles as a main component of dark matter, by means of a direct experimental search.
The atmospheric neutrino flux was measured by means of neutrino induced muons crossing the detector. Different event topologies were analyzed corresponding to different energy ranges. The results coherently favor a ν µ → ν τ oscillation scenario with respect to the case of ν µ → ν sterile or to the no-oscillation hypothesis. Data are consistent with maximal mixing and ∆m 2 ≃ 2.5 · 10 −3 eV 2 . An indirect search for WIMP's has also been performed by looking at neutrino-induced upward-going muons resulting from their annihilation in the Sun and/or the Earth. Since no significant excess has been detected above the background, experimental upper limits have been set that can constrain the neutralino particle parameters suggested by SUSY models.
